Introduction
============

Transposable elements (TEs) have an important role in genome evolution because they are substrate for illegitimate recombination, generating chromosomal translocations, inversions and deletions ([@b36-gmb-35-3-632]). Several reports have shown that TEs can modify gene expression patterns by creating promoter and *cis* regulatory sequences, as well as alternative splicing and polyadenylation sites ([@b7-gmb-35-3-632]; [@b15-gmb-35-3-632]). The most direct impact that these mobile elements have on genomes is known as "molecular domestication" which occurs when a transposon loses its transpositional activity and becomes a host gene with an established function, thereby giving rise to a new gene ([@b37-gmb-35-3-632]). This process has been described for several transposases in a wide variety of eukaryotic genomes from yeasts to humans ([@b15-gmb-35-3-632]).

Transposases, the most abundant proteins in nature ([@b5-gmb-35-3-632]), are responsible for the "cut and paste" mechanism of transposon mobility. During transposition, transposases recognize the flanking terminal inverted repeats (TIRs) of the element, excise the DNA fragment and insert it into a new target site. Transposases contain inherent DNA-binding activity. Most of the domesticated transposases reported so far have been characterized only at the sequence and structural levels and the few whose functional role has been investigated have been shown to be transcription factors. The first example reported for plants was the *Daysleeper* gene from *Arabidopsis thaliana* ([@b8-gmb-35-3-632]). This gene is derived from an *hAT* superfamily transposase and the encoded protein is a master transcription factor involved in the control of morphogenetic development. Other interesting examples include the *fhy3* and *far1* genes related to the *Mutator* superfamily transposase. FHY3 and FAR1 proteins are also transcription factors and have been implicated in maintaining homeostasis in the light response ([@b18-gmb-35-3-632]; [@b22-gmb-35-3-632]).

Sugarcane is an economically important crop and, together with maize, rice and wheat, is one of the major agricultural commodities in terms of productivity ([@b14-gmb-35-3-632]). Sugarcane is commonly cultivated in tropical or subtropical regions and used mainly for sugar and biofuel production. The modern cultivars are inter-specific hybrids between two polyploid species, *Saccharum officinarum* (2n = 80) and *Saccharum spontaneum* (2n = 40--128); these hybrids have a complex genome with highly polyploid and aneuploidy ([@b12-gmb-35-3-632]). Allopolyploidization is one of the major factors in the evolution of the grass genome, leading to an increase in gene number, the activation of TEs and alterations in the epigenetic landscape, all of which can lead to new patterns of gene expression, creation and loss ([@b28-gmb-35-3-632]; [@b39-gmb-35-3-632]). Sugarcane therefore provides a useful example for studying the behavior of TEs in relation to the "genomic stress" caused by allopolyploidy.

The *Mutator* system is one of the most expressed transposons in sugarcane ([@b30-gmb-35-3-632]; [@b4-gmb-35-3-632]). An investigation of the diversity of *Mutator* transposase-related sequences in plants revealed the existence of four classes that emerged before the monocot-eudicot divergence. Further structural characterization and analysis of the genomic distribution revealed that Classes I and II corresponded to *bonafide* transposons while Classes III and IV were *mustang* domesticated transposases. A class-specific amplification in grasses with a burst of Class II elements has been identified based on an assessment of copy numbers in rice and sugarcane ([@b33-gmb-35-3-632]).

The *mustang* domesticated transposases were first described in rice and *Arabidopsis* by [@b11-gmb-35-3-632] but no further functional characterization has been reported for this gene family. In the sugarcane polyploid genome, 6 and 26 copies of *mustang* genes were identified for Classes III and IV, respectively ([@b33-gmb-35-3-632]). Recently, we sequenced and characterized three sugarcane *mustang* genes. For Class III, two haplotypes (one from each parental species) were selected, namely, SCMUG266BAC095 (*S. officinarum*) and SCMUG266BAC148 (*S. spontaneum*) while from Class IV the SCMUG148BAC249 gene was chosen. A comparative analysis of the genomic regions containing these *mustang* genes in rice, sorghum and sugarcane revealed perfect colinearity that supported their orthology and eliminated the possibility of horizontal transfer events (Marie-Anne Van Sluys, unpublished observation). To gain further insights about the function of this widely distributed and diverse transposon-derived gene family, in this work we screened for these genes in recently sequenced grass genomes, established their orthologous relationship, assessed their transcriptional activity in a heterologous system and produced an extended tissue and temporal transcription profile in sugarcane.

Materials and Methods
=====================

Phenogram and comparative sequence analysis
-------------------------------------------

The *mustang* gene phenogram was constructed using sequences of Class III and Class IV *Mutator*-like transposases from sugarcane (three genomic haplotypes recently obtained by our group), *Sorghum bicolor* (Phytozome database), *Zea mays* (MaizeGDB, database), *Oryza sativa* (TIGR database) and *A. thaliana* (TAIR database). Sequence *loci* and accession numbers are detailed in [Table S1 (Supplementary Material)](#SD1){ref-type="supplementary-material"}. Sugarcane cDNAs belonging to Class I (TE165) and Class II (TE109), as well as the *Arabidopsis mudrA-*like locus At2g07100, were used as external groups. Full-length nucleotide coding regions were aligned with ClustalW ([@b17-gmb-35-3-632]). A distance matrix based on the neighbor-joining algorithm ([@b34-gmb-35-3-632]) was generated with MEGA 3.1 ([@b20-gmb-35-3-632]). A regular bootstrap test was applied with 1,000 repeats. Gene identity analyses were done by global alignment using the EMBOSS Pairwise Alignment Algorithm.

Promoter-reporter gene fusions
------------------------------

The putative promoter regions of sugarcane *mustang* genes were amplified with two pairs of primers ([Table S2. Supplementary Material](#SD2){ref-type="supplementary-material"}). ClassIII-promF and ClassIII-promR amplified fragments of 1,921 bp and 1,685 bp from SCMUG266BAC148 and SCMUG266BAC095 loci, respectively. ClassIV-promF and ClassIV-promR amplified a 2,000 bp fragment from the SCMUG148BAC249 gene. PCR reactions were done using BAC DNA from the corresponding genome (BAC095-F04, BAC249-C12 and BAC148-J07), according to [@b2-gmb-35-3-632]. The amplicons were cloned into the entry vector pDONR221 (Invitrogen) after which the putative promoter regions were recombined into the PHGWFS7 binary vector ([@b19-gmb-35-3-632]) using GATEWAY technology (Invitrogen). This vector contains two reporter genes, *gfp* and *gus,* downstream from the putative promoter. The constructs were tested in transient expression assays involving particle bombardment of *Allium cepa* epidermis, according to [@b29-gmb-35-3-632], using a helium version of the PDS-1000 device ([@b35-gmb-35-3-632]) developed by EMBRA-PA (Brasília, Brazil). Three independent experiments were done in triplicate. The pCambia 1391Z.35S vector, which harbors the *gus* gene under control of the 35S promoter of cauliflower mosaic virus, and the PHGWFS7 empty vector were used as positive and negative controls, respectively. After 24 h, GUS activity was detected by incubation overnight in buffer containing X-gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid) at 37 °C ([@b24-gmb-35-3-632]).

Promoter analysis in a heterologous system
------------------------------------------

Promoter functionality was assayed in a stable transgenic system of tobacco BY2 cell cultures ([@b27-gmb-35-3-632]). Cell suspensions were grown in modified Murashige-Skoog (MS) medium ([@b26-gmb-35-3-632]) containing 3% (w/v) sucrose and 0.2 mg of 2,4-dichlorophenyoxyacetic acid (2,4-D)/mL, pH 5.7 and subcultured into fresh media every 6--7 days. The *Agrobacterium tumefaciens*-mediated transformation was done according to [@b3-gmb-35-3-632]. After co-culture, BY2 cell suspensions were transferred to fresh selective medium (40 μg of hygromycin/mL). Isolated calli were maintained on agar medium or cultured in liquid medium to obtain transgenic cell suspensions. The presence of the transgene fusion was confirmed by PCR using promoter-specific primers ([@b2-gmb-35-3-632]). GUS activity was detected as described above. GFP fluorescence was detected using a Zeiss LSM 410 confocal microscope equipped with a 488 nm excitation filter and an LP515 emission filter. To evaluate the promoter responsiveness to growth regulators, 6--7-day-old transgenic cell lines were transferred to fresh media containing indole 3-butyric acid (IBA, 10 μM), isopentenyl *adenine* (IP, 10 μM) or abscisic acid (ABA, 20 μM) and incubated for 24 h. The hormone concentrations were chosen based on previous reports ([@b9-gmb-35-3-632]; [@b25-gmb-35-3-632]; [@b10-gmb-35-3-632]). Three biological replicates were used for each hormone treatment. Samples were frozen in liquid nitrogen and stored at −70 °C until RNA extraction. Reporter gene mRNA was quantified by qPCR as described below.

Samples for developmental expression pattern
--------------------------------------------

Sugarcane (*Saccharum* sp.) variety R-570 plants were cultivated in a greenhouse at room temperature and with natural illumination. Culm fragments containing internodes were set in plastic bags with soil and vermiculite (1:1). Shoot meristem, leaf and root samples were collected at three stages of development (15 and 30 days after bud emergence and from adult plants). The material was immediately frozen in liquid nitrogen and stored at −70 °C until RNA extraction.

Quantitative RT-PCR (qPCR)
--------------------------

Total RNA of BY2 or sugarcane samples was extracted using the Trizol reagent (Invitrogen), according to the manufacturer's instructions. The RNA concentration of the samples was measured with a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies). The intactness of the RNA samples was assessed by agarose gel electrophoresis. DNA contamination was removed by treating with DNAse I (Invitrogen). The absence of DNA was confirmed by PCR amplification ([@b2-gmb-35-3-632]) using actin intron-flanking and *mustang* promoter primers for BY2 and sugarcane RNA, respectively. For cDNA synthesis, Superscript III reverse transcriptase (Invitrogen) was used. For the experiments with BY2 cell cultures, specific primers for the *gus* reporter gene that amplified a 131 bp fragment were designed. Ribosomal L25 and 1α-elongation factor housekeeping genes were used to normalize the mRNA expression levels. The expression of sugarcane *mustang* genes was profiled with class-specific primers. The amplicon sizes were 170 bp and 171 bp for Classes III and IV, respectively. Ubiquitin was used as a housekeeping control. All of the primer sequences are shown in [Table S2](#SD2){ref-type="supplementary-material"}.

The amount of amplified mRNA was calculated using the Ct (cycle threshold) values based on a gene-specific standard curve constructed with serial cDNA dilutions (1/3, 1/9, 1/27 and 1/81). qPCR reactions were done with 1 μL of the 1/3 cDNA dilution (∼15 ng), 200--300 nM of each primer and 12.5 μL of SYBR Green^®^ Master Mix (Applied Biosystems) in a final volume of 25 μL. The cycling conditions were 10 min at 95 °C, 40 cycles of 20 s at 95 °C, 20 s at the primer-specific annealing temperature and 60 s at 72 °C; the reactions were done in a 7500 PCR Real Time thermocycler (Applied Biosystems). The results were expressed as the mean of three biological replicates normalized with respect to the expression of the housekeeping gene and were analyzed statistically using InfoStat software (InfoStat Group, FCA, Universidad Nacional de Córdoba, Argentina) and the non-parametric Kruskal-Wallis test.

Results
=======

*mustang* genes in grasses
--------------------------

To gain understanding about the evolutionary history and diversity of the *mustang* gene family in grasses, an *in silico* search of the recently sequenced genomes of *S. bicolor* and *Z. mays* was undertaken. By using sugarcane and rice sequences as queries ([Table S1](#SD1){ref-type="supplementary-material"}) six and nine copies of *mustang* genes were retrieved from the sorghum and maize genomes, respectively. Full-length protein sequences of *Arabidopsis*, rice, sorghum, maize and the newly obtained sugarcane *mustang* genomic copies (SCMUG266 BAC095, SCMUG266 BAC148, and SCMUG148 BAC249) were used in a phenetic analysis. The tree topology agreed with that previously reported by our group ([@b33-gmb-35-3-632]). A single domestication event prior to the monocot-eudicot divergence was confirmed and Classes III and IV appeared as sister groups. Two Class III and three Class IV clades were also identified. Grass orthologs grouped together within each clade mostly in agreement with the species' phylogenetic relationships. For every clade, the *S. bicolor* orthologous gene was identified. In contrast, multiple *Z. mays* sequences were identified for Class III clades while the ortholog for Class IV clade 2 was missing. As expected, SCMUG266 BAC095 and SCMUG266 BAC148 Class III sugarcane genes, from *S. officinarum* and *S. spontaneum*, respectively, that were identified with the same cDNA clones ([@b33-gmb-35-3-632]), clustered together ([Figure 1](#f1-gmb-35-3-632){ref-type="fig"}).

After identifying the orthologous groups a detailed comparative analysis of the coding and non-coding regions was done for *mustang* genes belonging to Class III clade 1 and Class IV clade 3. The 2,000 bp regions upstream of the translation initiation codon, or up to the neighbor coding sequence, were considered as the putative promoter regulatory region. Regions with \> 90% identity were identified in the sugarcane, sorghum and maize coding sequences, whereas the identity between these species and rice decreased to ∼70% and ∼80% for Classes III and IV, respectively. For the regulatory regions, the identities ranged between 60% and 40%, except for both Class III sugarcane promoters which showed 81% identity ([Table 1](#t1-gmb-35-3-632){ref-type="table"}).

Promoter-reporter gene fusions and transient expression
-------------------------------------------------------

The putative promoters of the three sugarcane haplotypes were functionally characterized in order to gain insight into the function of *mustang* genes and the conservation of several slightly different copies during angiosperm evolution. The regulatory sequences ([Table 1](#t1-gmb-35-3-632){ref-type="table"}) were amplified and cloned into the PHGWFS7 binary vector upstream of the *gfp-gus* fusion ([Figure 2A](#f2-gmb-35-3-632){ref-type="fig"}). The three sequences studied in the transient expression assay were found to be active promoters. Both copies of the Class III *mustang* genes were active, which suggested functional redundancy ([Figure 2B](#f2-gmb-35-3-632){ref-type="fig"}).

*mustang* promoter activity in a heterologous system
----------------------------------------------------

BY2 cell lines were stably transformed via *Agrobacterium* using the previously described constructs ([Figure 2A](#f2-gmb-35-3-632){ref-type="fig"}). After growth in selective medium and confirmation of the presence of the transgene by PCR five transgenic lines were selected for each promoter-reporter gene fusion and the presence of both reporter proteins was analyzed. GFP and GUS were identified in all of the transgenic lines by confocal microscopy and a histochemical assay, respectively ([Figure 3](#f3-gmb-35-3-632){ref-type="fig"}). Reporter gene expression was clearly higher in the lines that expressed the *gfp-gus* fusion under control of the *mustang* Class IV promoter.

After demonstrating that the regulatory regions of the *mustang* genes are indeed active promoters, and motivated by the presence of hormone-responsive DNA elements (Daniela Kajihara, unpublished observation), we investigated the effect of growth regulators on the transcription level of these genes. Transgenic cell lines were treated with IBA (indol-butyric acid) and IP (isopentenyladenine), the most abundant naturally occurring auxin and cytokinin, respectively, and the stress-related hormone ABA (abscisic acid). The levels of *gus* mRNA were quantified by qPCR and expressed relative to that of untreated cells ([Figure 4](#f4-gmb-35-3-632){ref-type="fig"}). Interestingly, the promoters of SCMUG266 BAC148 and SCMUG148 BAC249 (Classes III and IV, respectively) showed a similar reduction of 30%--40% in their expression in response to treatment with auxin. The SCMUG266 BAC095 gene was only slightly affected by cytokinin and abscisic acid (∼10% decrease in relative expression).

*mustang* expression profile in sugarcane
-----------------------------------------

The transcription profile of sugarcane *mustang* genes *in planta* was assessed by qPCR in leaf, shoot apical meristem and root during plant development from bud emergence until adult age ([Figure 5](#f5-gmb-35-3-632){ref-type="fig"}). In this case, class-specific primers were used and all copies within each class were amplified. Both classes were expressed in all three tissues and stages tested. In general, the differences observed showed low statistical significance. The Class III *mustang* genes showed higher expression in shoot meristem at all stages. The expression in leaves and meristems was maximal in 30-day-old plants while roots had the highest expression in adult plants. For Class IV, the expression was similar in all tissues but slightly higher in shoot meristem. Class IV genes were generally more expressed than Class III genes.

Discussion
==========

The grasses exhibited a diverse spectrum of genome size and complexity ([@b16-gmb-35-3-632]). At one end of the spectrum, diploid rice (*O. sativa*) has 12 chromosomes (2n = 24) and a haploid genome size of 389 Mb ([@b23-gmb-35-3-632]) while at the other extreme, sugarcane cultivars, which have developed through several generations of crosses since the early interspecific hybrids, are highly polyploid and aneuploidy, with 100--130 chromosomes and a genome size (2C) of around 10,000 Mb ([@b13-gmb-35-3-632]). Diploid maize (*Z. mays*) is of intermediate size, with a haploid genome containing 3,283 Mb and 10 chromosomes (2n = 20) ([@b16-gmb-35-3-632]). This wide diversity, together with the recent availability of genomic sequences for sugarcane, maize and sorghum, led us to study the distribution of *mustang* genes in grass genomes.

Nine genes were identified in *Z. mays* and six orthologs in *S. bicolor*. The phenetic analysis of *mustang* genes corroborated the existence of two and three clades within Classes III and IV, respectively, as reported by [@b33-gmb-35-3-632]. Within each clade, the tree topology and sequence identities reflected the phylogenetic relationships among the studied species ([@b32-gmb-35-3-632]). As expected, sorghum *mustang* genes followed the same distribution pattern as rice orthologs since both are diploid species and show no recent duplication event ([@b1-gmb-35-3-632]). In contrast, as with sugarcane in which polyploidy has produced several haplotypes per clade ([@b33-gmb-35-3-632]), maize also displayed multiple *loci*. This result reflects the origin of the maize genome. Most modern plant species have evidence of polyploidization followed by massive silencing and gene loss; this also seems to be the case for maize ([@b1-gmb-35-3-632]). The *Z. mays* diploid progenitors diverged 20.5 million years ago (MYA) and, after the divergence of sorghum 16.5-11.4 MYA, a segmental allotetraploidization event occurred followed by a "rediploidization" ([@b16-gmb-35-3-632]). As a result, 72% of single copy genes in rice or sorghum are duplicated in the maize genome.

Genes whose products are transcription factors or that participate in signal transduction are generally retained after genome duplication, resulting in greater plasticity and better organism adaptation ([@b16-gmb-35-3-632]; [@b1-gmb-35-3-632]). This phenomenon can explain the multiple Class III *mustang* genes identified in maize given that their protein products harbor the transposase DNA-binding domain ([@b31-gmb-35-3-632]) and all domesticated transposases that have been functionally characterized so far are transcription factors. These findings indicate that polyploidization involves more than the simple fusion of progenitor genomes, but rather a wide repertoire of molecular and physiological adjustments. These events cover genomic rearrangements, gene loss and changes in gene expression. In addition, polyploidization protects the genome from transpositional mutations ([@b16-gmb-35-3-632]). These various actions indicate that polyploidization is an important force in plant evolution and the differential gene content among species reflects the evolutionary history of the genomes.

The results of the phenetic and comparative sequence analyses raise several questions. Why are there two classes of *mustang* genes in plants? Why have both classes undergone duplications and diverged into different clades? Is there any functional specificity underlining this apparent redundancy? To address these complex issues, we examined the activity of sugarcane *mustang* genes at the transcriptional level. Transient expression assays with promoter-reporter gene fusions showed that Class III (SCMUG266BAC095 and SCMUG266BAC148) and Class IV (SCMUG148BAC249) genes harbor active promoters. Stably transformed cell lines displayed constitutive reporter gene expression regardless of the upstream regulatory region. Moreover, all three promoters were negatively modulated by phytohormones and no class-specific response was observed. While SCMUG266BAC148 (Class III) and SCMUG148BAC249 (Class IV) were repressed by auxin, SCMUG266BAC095 (Class III) showed reduced mRNA levels upon treatment with cytokinin and abscisic acid. Auxin caused the strongest repression. These results, together with the high level of conservation along angiosperms, suggest that the functional diversification seen here contributed to the positive selection of the different *mustang* genes and helped to retain them in the sugarcane genome ([@b1-gmb-35-3-632]). The responsiveness of the SCMUG266BAC095 promoter to cytokinin and abscisic acid would appear to be contradictory even though both hormones participate in the control of the cell cycle checkpoints G2-M and G1-S, respectively ([@b38-gmb-35-3-632]; [@b40-gmb-35-3-632]).

Comparison of the *mustang* transcriptional behavior seen in the heterologous system with the expression pattern seen in sugarcane leads to several interesting conclusions. The three genes studied were ubiquitously expressed, with little differences in the intensity of expression; the Class IV regulatory region showed the highest levels of transcription. The tissue in which they were most abundantly transcribed was shoot apical meristem. This finding agrees with the expression pattern of the MUG1 rice *mustang* gene (Class III, clade 1) for which shoot apical meristem displayed the highest level of expression, together with the flowers ([@b21-gmb-35-3-632]).

The analysis of hormone-mediated regulation is still a complicated task because of the extensive functional redundancy among gene family members, as well as feedback regulation and crosstalk within and among different hormonal pathways. Cytokinin promotes the proliferation of stem cell daughters by inhibiting their differentiation, whereas auxin initiates and maintains the population of organ founder cells ([@b40-gmb-35-3-632]). These opposite stimuli must act in a spatially and temporally precise manner. Consequently, an efficient regulatory mechanism that allows the system to circumscribe the hormonal response is necessary. A competent solution for this has already been reported ([@b18-gmb-35-3-632]; [@b22-gmb-35-3-632]). The *Arabidopsis* mutants *fhy3* and *far1* display a phenotype of reduced inhibition of hypocotyl elongation that is specific for far-red light and the phytochrome A (phyA) signaling pathway. Functional analyses demonstrated that FHY3 and FAR1, which are also related to *Mutator* transposases, are transcription factors whose expression is negatively regulated by phyA signaling. These findings led to the proposal that these proteins modulate the homeostasis of phyA signaling homeostasis in higher plants in response to light ([@b18-gmb-35-3-632]; [@b22-gmb-35-3-632]). Overall, the functional data reported here suggest that a similar mechanism could be valid for *mustang* genes. In this regard, we propose that these genes may downregulate signaling pathways in order to accurately control temporal and spatial responses to hormones.

In conclusion, we consider that this study contributes to the understanding of the evolutionary history of *mustang* genes in grass genomes and provides new insights about the biological processes in which these domesticated transposases participate, particularly the response to hormones. Our results also provide functional evidence to support the proposition that transposable elements can serve as a source of new transcription factors that allow populations to adapt and species to evolve ([@b6-gmb-35-3-632]). Additional functional studies are required to test this hypothesis and provide more information about the functionality of *mustang* genes, thereby reinforcing the role of TEs in the evolution of the plant genome.
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The following online material is available for this article:

Table S1 - Sequence information on *Mustang* genes identified in plant genomes

Table S2 - Primer used for promoter-*gfp-gus* fusion constructs and real time PCR experiments.

This material is available as part of the online article from <http://www.scielo.br/gmb>.

![Phenogram of *mustang* genes in grasses. AtMUGXX, OsMUGXX, SCMUGXX, SbMUGXX and ZmMUGXX are *mustang* genes of *Arabidopsis*, rice, sugarcane, sorghum and maize, respectively. All the rice and *Arabidopsis* sequences used were described by [@b33-gmb-35-3-632]. The sorghum and maize sequences are available at <http://www.phytozome.net/sorghum> and <http://www.maizegdb.org>. The shaded maize sequences probably arose through polyploidization. Brackets indicate orthologous groups. The black arrow indicates the possible domestication event. Grey arrows indicate duplication events. Numbers on the branches indicate bootstrap values greater than 50%.](gmb-35-3-632-gfig1){#f1-gmb-35-3-632}

![Promoter-reporter gene fusions. (A) Promoter-*gfp*-*gus* fusion constructs for SCMUG266 BAC095, SCMUG266 BAC148 and SCMUG148 BAC249 genes. (B) Histochemical analysis of GUS activity in onion epidermis bombarded with pHGWFS7prom095, pHGWFS7prom148 and pHGWFS7prom249 plasmids. The vectors pCambia1391Z.35S and pHGWFS7empty were used as positive and negative controls, respectively. The presence of GUS activity is indicated by the blue staining.](gmb-35-3-632-gfig2){#f2-gmb-35-3-632}

![Transcriptional activity of *mustang* gene promoters in BY2 transgenic cell lines. (A) Light and fluorescent (GFP) microscopy images of transgenic lines carrying pHGWFS7prom095 (BY2.095.2), pHGWFS7prom148 (BY2.148.2) and pHGWFS7prom249 (BY2.249.1) and the corresponding wild type negative control (BY2). White and black scale bars: 25 μm. (B) Histochemical detection of GUS activity in the same BY2 cell lines.](gmb-35-3-632-gfig3){#f3-gmb-35-3-632}

![Transcriptional activity of *mustang* gene promoters in response to auxin, cytokinin and abscisic acid. BY2 transgenic cell lines were treated for 24 h with auxin (IBA), cytokinin (IP) and abscisic acid (ABA). The experiment was done in triplicate. The asterisks indicate significance differences compared to the untreated control (p \< 0.05; Kruskal-Wallis test).](gmb-35-3-632-gfig4){#f4-gmb-35-3-632}

![Expression of Class III and IV *mustang* genes during the development of sugarcane plants. Expression of Class III (A) and Class IV (B) *mustang* genes in leaf, apical meristem and root of 15-day-old (15 d), 30-day-old (30 d) and adult (Adult) plants. The columns are the mean ± SE of three independent experiments. Different letters indicate significant differences (p \< 0.05; Kruskal-Wallis test). Black letters indicate comparisons between different ages of the same tissue. Gray letters indicate comparisons between different tissues of the same age.](gmb-35-3-632-gfig5){#f5-gmb-35-3-632}

###### 

Percentage of identity between orthologous groups of *mustang* genes from grasses.

  Class III                                                                  SCMUG266BAC148   SbMUG03   ZmMUG08   OsMUG01
  -------------------------------------------------------------------------- ---------------- --------- --------- ---------
  SCMUG266BAC095 1685/1785[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}   81/98            44/97     42/91     45/72
  SCMUG266BAC148 1921/1785[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}   \-               45/97     44/91     46/73
  SbMUG03 2000/1785[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}          \-               \-        43/90     42/72
  ZmMUG08 2000/1725[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}          \-               \-        \-        42/69
  OsMUG01 2000/2070[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}          \-               \-        \-        \-

  Class IV                                                                   SbMUG10   ZmMUG09b   OsMUG06
  -------------------------------------------------------------------------- --------- ---------- ---------
  SCMUG148BAC249 2000/2237[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}   45/95     46/93      40/81
  SbMUG10 2000/2163[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}          \-        59/96      43/84
  ZmMUG09b 2000/2233[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}         \-        \-         42/84
  OsMUG06 1444/2169[*^a^*](#tfn2-gmb-35-3-632){ref-type="table-fn"}          \-        \-         \-

SCMUGXX: sugarcane sequences. OsMUGXX: rice sequences. SbMUGXX: *Sorghum bicolor* sequences. ZmMUGXX: *Zea mays* sequences.

Promoter size and coding region size in bp.
